The transport of L-agifife (L-Arg), L-aspartic acid (L-Asp), L-histldine (L-His), and L-phenylablni (L-Phe) has been investigated in suspension cultures of Nkotiana tabacum cv. Wisconsin 38 cells. Uptake of these amino acids is pH-and energy-dependent, concentrative (except for LAsp), stereospecific, dependent upon culture growth phase, and, apparently, carrier-mediated. A 1,000-fold higher concentration of L-leucine (L-Leu) can inhibit all of the energy-dependent uptake of L-Arg, L-Asp, L-His, and L-Phe. A 1,000-fold higher concentration of L-Arg or L-Phe can inhibit all of the energy-dePendent uptake of L-Leu. L-Asp and L-His cannot inhibit all of the energy-dependent L-Leu uptake. However, evidence is presented which indicates that L-Leu enters the cell via the carrier system which also transports L-Asp and L-His. These inhibition data are consistent with the hypothesis that all of these amino acids are transported by a single carder system.
Wisc. 38 were maintained in 125-ml Erlenmeyer flasks containing 50 ml L and S medium.2 Cells were subcultured every 7 days by adding 50 ml of L and S medium to a 125-ml Erlenmeyer flask containing 50 ml of cell suspension in stationary phase and dividing the resulting suspension between two 125-ml flasks. The subculture inoculum size was about 9 g fresh weight, and, 4 days after subculturing, the cells had completed their period of rapid growth. Uptake rate was measured in growing cells (3 days after subculturing) over a 9-min period with four sample points in an incubation solution consisting of fresh L and S medium; sures initial uptake rates (3, 4) and was used in all experiments except those employed to measure amino-acid accumulation. Uptake rates are expressed as nmol/(ml HV .min), where HV is the volume of cell debris resulting from the homogenization of the cells in a sample. HV has been related to other standardization parameters (3) . The incubation medium is not buffered. The initial pH was 4.0 for L-Asp assays and 5.5 for L-Arg, L-His, L-Leu, and L-Phe assays. Prior to assaying for L-Asp uptake, cells were preincubated in L and S medium at a pH of 4.0 for 15 min. During a 9-min assay, the pH changes are, at most, only severaltenths of a pH unit. Except where noted, data points are the means of three determinations ±SE. Metabolism, Concentration, pH, and Temperature Dependence. Paper chromatography in a solvent system of pyridine:isoamyl alcohol:H20 (7:7:6) for L-Asp and L-His, and in a solvent system of butanol:H20: acetic acid (25:10:4) for L-Arg and L-Phe, was used to establish the purity of 3H-labeled amino acids and to estimate the metabolism of the amino acids after uptake. Procedures for studying the effects of metabolic inhibitors, temperature, and accumulation of the amino acid against a concentration gradient are as previously described (3, 4) .
Chemicals. 3H-labeled amino acids were purchased from New England Nuclear, Liquiscint (counting fluid) from National Diagnostics, and all other chemicals were reagent grade or certified American Chemical Society.
RESULTS
Control Experiments. In our initial studies of L-Leu transport, a series of experiments was conducted to determine that L-Leu uptake was being measured (3). The same experiments were done for L-Arg, L-Asp, L-His, and L-Phe transport. The results were similar to those for L-Leu. In brief, 100 ml of wash solution 2Abbreviations: L and S medium, Linsmaier and Skoog medium (11) supplemented with kinetin (0.1 mg/i), a-naphthaleneacetic acid (2.0 mg/ 1), and sucrose (40 g/l); HV, homogenized cell volume; CCCP, carbonyl cyanide m-chlorophenyl hydrazone; DNP, dinitrophenol. 246 removes all [3H]amino acid from the free space in a sample. The presence of the amino acid in the wash solution does not alter the retention of the amino acid by the cells. Less than 2% of the counts retained by cells over the 9-min assay period are bound to cellular materials. Metabolism of the amino acids to small molecules during the assay was not detected by paper chromatography. Over the 9-min assay period, less than 1% of the retained counts are incorporated into protein, and efflux is less than 5% of influx. The effect of metabolic inhibitors (CCCP, DNP) on efflux is miimal.
pH Dependence. L-Asp uptake was first assayed at an incubation medium pH of 5.5, but the uptake rates were low and quite variable. The L-Asp uptake rates for cells preincubated for 15 min at various pHs and assayed at the same pHs exhibited a maximum uptake at pH 4.0 (Fig. 1 ). The uptake rates at pH 4.0 were 13 times greater than were those at pH 5.5, and the variability was somewhat less. For these reasons, L-Asp uptake was subsequently measured at pH 4.0 in cells that had been preincubated at pH 4.0 for 15 min. However, transport of L-Asp, even at pH 4.0, has shown more variability than has that of any of the amino acids we have studied. L-Arg, L-His, and L-Phe uptake rates were also pHdependent. L-His has a sharp peak at pH 2.5; L-Phe has a broad peak from about pH 3.0 to 6.0; and L-Arg has a peak around pH 3.0 (Fig. 1) .
Metabolic Inhibitors and Temperature Dependence. The influence of metabolic inhibitors on L-Arg, L-Asp, L-His, and L-Phe uptake rates is presented in Table I . In all cases, the metabolic inhibitors reduce the uptake rates. The degree of inhibition was greater for lower substrate levels than it was for higher levels, indicating a larger energy-dependent component at the lower levels. A Qlo of 2.1 was observed for L-Asp uptake at a concentration of 100 uM in the temperature range from 17 to 27°C. At a concentration of 50.0 mM, L-His uptake has a Qlo of 1.9 over the temperature range from 18 to 28°C. In the temperature range from 18 to 28°C and at a concentration of 100 .lM, the Qlo for LArg was 2.9 and, for L-Phe, was 1.7. These results indicate that uptake is a thermobiological process dependent upon energy.
Concentration and Stereospecificity. The ability of cells to concentrate L-Arg, L-Asp, L-His, and L-Phe was evaluated in 4-to 6-h uptake experiments (Table II) tivity that cochromatographed with the authentic amino acid was included in the calculations. The carrier system for all four amino acids is inhibited to a far greater extent by the L-isomer than it is by the D-isomer, thereby indicating stereospecificity (Table III) .
Uptake Rate During Culture Cycle. Uptake rates were measured each day during the 7-day culture cycle. The rate of uptake for each of the amino acids increased after subculturing, peaked during the phase of rapid growth, and then decreased as the cells entered stationary phase. The rates were lowest in 7-day cells which had been freshly subcultured (0-day cells) and which had peaked 2 days after subculturing for L-Asp and 3 days after subculturing for L-Arg, L-His, and L-Phe.
Inhibition by Amino Acids. The data above indicate that the uptake of L-Arg, L-Asp, L-His, and L-Phe is carrier-mediated, and previous work has shown that L-Leu uptake is carrier-mediated (2, 3, 4). To determine whether or not the carrier(s) is the same for these five amino acids, we investigated the antagonism among various pairs of the five amino acids. A 1,000-fold higher concentration of L-Leu can inhibit all of the energy-dependent uptake of L-Arg, L-Asp, L-His, and L-Phe (Table IV) . These results indicate that the energy-dependent carrier system(s) which transports each of these amino acids also transports L-Leu and that L-Arg, L-Asp, L-His, and L-Phe are only transported by the carrier system(s) which also transports L-Leu.
To determine if L-Leu is transported only by the energy-dependent carrier system(s) which also transports L-Arg, L-Asp, LHis, and L-Phe, L-Leu uptake was inhibited individually by each of these amino acids or by these amino acids and CCCP (Table   V) (Tables IV and V) . Second, D-Leu, a structural analog of L-Leu that should be poorly transported, is a poor inhibitor of L-Leu uptake (Table V) L-amino acid and CCCP cannot eliminate all uptake and that this residual uptake is about 0.1 nmol/(ml HV -min) for all five amino acids when they are at a concentration of 50 ,iM. This residual uptake may represent diffusion via a noncarrier-mediated process. DISCUSSION The general characteristics of L-Arg, L-Asp, L-His, and L-Phe transport have been determined. In most respects, the transport of these amino acids is identical to that of L-Leu (4) and of other amino acids (7, 8, 10, 15) . That is, uptake is pH-dependent, energydependent, stereospecific, dependent upon culture growth phase, concentrative, and carrier-mediated, the exception being that LAsp is not concentrated. It is not clear why the cells do not concentrate L-Asp, inasmuch as uptake is apparently carrier-mediated and energy-dependent.
The number of carrier systems involved in uptake of amino acids in plant cells has not been determined. Some researchers suggest a single system for all amino acids (6, 7, 10) , while others suggest multiple systems (1, 9, 12) . Cheung and Nobel (7) reported that L-Ala, L-Ser, L-Thr, L-Asp, and L-Glu competitively inhibited glycine uptake in pea leaf fragments and that Ki values were similar to Km values. Lien and Rognes (10) reported that, in barley-leaf slices, L-Lys, L-Arg, L-Glu, L-Asp, and glycine were all competitively inhibited by L-Met and L-Lys. We have shown that the uptake kinetics of L-Leu in suspension cultures oftobacco cells are complicated (4, 13) , and one would predict that the interactions between L-Leu and other amino acids would also be complicated. Preliminary results have borne out this prediction. Therefore, we have studied the inhibitory interactions between L-Leu and the four other amino acids but have not attempted to characterize the Our inhibition results demonstrated that the carrier system(s) which transports L-Arg, L-Asp, L-His, L-Leu, and L-Phe is either a common carrier system(s) where all amino acids bind to a common site for transport or a complex carrier system(s) where allosteric binding of one amino acid inhibits the binding or transport of another amino acid. We believe the former explanation to be the most reasonable, inasmuch as amino-acid inhibition has been shown to be competitive (6, 7, 10) and allosteric inhibition would require a far more complex molecular system(s). Thus, the simplest interpretation of the amino-acid inhibition data presented in this paper is that acidic (L-Asp), basic (L-Arg and L-His) and neutral (L-Leu and L-Phe) amino acids are transported into cultured tobacco cells by a single-carrier system. However, highinhibitor concentrations (50 mM) have been used to eliminate all of the energy-dependent uptake ofthe substrate amino acid. These high-inhibitor concentrations may make it impossible to distinguish carriers which have subtle differences. For example, there may be two carriers which can transport all of the amino acids, but one carrier has a preference for the basic amino acids, L-Arg and L-Lys, while the other carrier may have no preference. Although our methods may not reveal such subtle differences, the results show that none of the amino acids studied is transported by an independent carrier.
Reports (1, 9, 12) which conclude that amino acids are transported into plants cells by more than one system do so for two major reasons. First, uptake is multiphasic; second, some amino acids do not inhibit the uptake of some other amino acids.
Multiphasic uptake of amino acids has been observed by all researchers who used a wide range of substrate concentrations, and there is no evidence in the literature which proves that the different phases represent different molecular systems (15) . Our work with L-Leu is consistent with the existence of a single, multiphasic transport system for L-Leu (2, 4, 13). There are at least two reasons why inhibition of one amino acid by another may not be observed. First, the inhibitor amino acid concentration may be too low if the affinity of the carrier and/or the uptake rate is far greater for the substrate than for the inhibitor; second, uptake data for different amino acids show different pH optima (10).
These factors influenced our initial results on the inhibition of LLeu uptake by L-Asp (4) and may have influenced the results of King and Hirji (9) and those of Berlin and Mutert (1) . At this time, the evidence is consistent with the hypothesis that amino acids are transported into plant cells via a single, complex carrier system.
